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EXPERIFZENTAL EVALUATION OF TWO 36" x 47" 

GRAPHITE/EPOXY SANDWICH SHEAR WEBS 

By Harold G. Bush 
Langley Research Center 

INTRODUCTION 

The information presented i n  t h i s  report  represents i n i t i a l  resul ts  o f  

a program i n i t i a t e d  a t  Langley Research Center t o  study generic structures 

(i.e.- shear webs, compression panels, etc.) across a wide load range. 

the purpose of t h i s  program t o  i d e n t i f y  e f f i c i e n t  concepts f o r  each generic 

structure, and t o  experimentally establ ish the performance character is t ics  of 

each concept. Par t icu lar ly ,  t h i s  report  de ta i l s  the design and t e s t  of two 

large (36" x 47") graphite-epoxy sandwich shear webs. One sandwich web was 

designed t o  exh ib i t  strength f a i l u r e  o f  the facings. This shear web was 

ident ica l  i n  size and was designed f o r  the same shear loading as the stiffened, 

t i tanium clad boronlepoxy web o f  reference 1, t o  provide an a1 ternat ive 

concept i f  desired. The second shedr web was the same size but was designed 

t o  f a i l  i n  general i n s t a b i l i t y  t o  i d e n t i f y  problem areas o f  s t a b i l i t y  c r i t i c a l  

sandwich webs hlld t o  assess the adequacy o f  contemporary analysis techniques. 

It i s  
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TEST COMPONENTS 

Two st ructura l  shear webs were designed and fabr icated f o r  test .  The 

facings of both webs were graphite-epoxy (Thornel 300/Namco 5208) and the 

core was aluminum (Hexcel 3/16-5052-.003, p = 8.1 pcf). Propert ies of the 

graphite-epoxy (Gr /E)  used f o r  design are given i n  Tables 1-3. Table 1 

d e t a i l s  the lamina e l a s t i c  propert ies of T300/5208 whi le Table 2 i temizes the 

theoret ical  , or thot rop ic  average e l a s t i c  propert ies of a (+ 4Son), laminate. 

Table 3 gives the experimental strengths an? e lab t ic  propert ies obtained from 

tes ts  of sandwich specimens w i th  

aluminum H/C core. 

i n  Appendix A. 

45°,)s T300/5208 laminate faces and 

Detai ls o f  the material tests l i s t e d  i n  Table 3 are given 

Strength C r i t i c a l  Shear Web 

One graphi te/epoxy sandwich panel was designed t o  exhi b i  t strength 

fa i lu re  o f  the faces a t  a shear load o f  7638 lb / in ,  which was the design load 

for the shear web i n  reference 1. 

Table 111, and a nominal p l y  thickness o f  .0055 i n l p l y ,  the required face 

thickness was found t o  be 12 p l i e s  (.066") per face. Using the lamina e l a s t i c  

+ 
Using the - 45" shear strength allowable o f  

propert ies l i s t e d  i n  Table 11, the buckl ing load f o r  a sandwich w i th  .066" 

faces was studied as a function o f  core thickness. 

o f  these calculat ions which assumed simple support boundary conditions. 

on these resul ts,  a core thickness o f  .6" was selected t o  prevent buckl ing a t  

o r  below the design load o f  7638/in. A lso  shown i n  Figure 1 i s  the buckl ing 

load f o r  t h i s  web as determined from an i n i t i a l  NASTRAN model o f  the web and 

Figure 1 shows the resu l ts  

Based 
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t e s t  frame. 

web i s  asymnetric. The calculat ions indicate t h a t  the frame increased the 

predicted buckl ing load from approximately 9500 l b / i n  (simple support-pure 

shear load) t o  approximately 11,700 l b / i n  f o r  the t e s t  web. 

Figure 2 shows t h a t  the NASTRAN calculated s t a b i l i t y  mode f o r  t h i s  

The f ina l  panel design de ta i l s  f o r  the strength c r i t i c a l  web are shown 

i n  Figure 3 where the b o l t i n g  arrangement and doubler area design are 

i l l u s t r a t e d .  A psuedo-isotropic pattern (Oo/+ 45"/9O0) was used i n  the doubler 

area. Results o f  laminate bearing and free hole stress concentration tests 

f o r  the doubler material are detai led i n  Appendix A. The doubler area was 

molded in tegra l  with the skins which were secondarily bonded t o  the core with 

Hysol EA-951 adhesi be. 

Stabi li ty C r i t i c a l  Shear Web 

Since the l i t e r a t u r e  i s  p r a c t i c a l l y  devoid of data on s t ructura l  buckl ing 

tests  o f  composite sandwich shear webs, a second graphite epoxy sandwich was 

designed t o  be s t a b i l i t y  c r i t i c a l  a t  a shear load o f  5000 l b / i n .  

o f  t h i s  web was t o  i d e n t i f y  problem areas f o r  sandwich shear webs which are 

s t a b i l i t y  c r i t i c a l ,  and t o  assess the adequacy o f  current analy t ica l  tools f o r  

predic t ing shear buckling. 

The purpose 

A facing thickness o f ' l O  p l i e s  (.055") was found t o  provide an adequate 

strength margin (approximately 30% a t  a shear load o f  5000 l b / i n .  

calculat ions were performed using both NASTRAN and the code o f  reference 2 

f o r  a Gr/E sandwich w i t h  .055" faces and various core thicknesses. The resul ts  

o f  these calculat ions are presented i n  f igure 4. 

Buckling 

As shown i n  f igure 4, the 

NASTRAN resul ts  indicate tha t  a core thickness o f  0.375" would r e s u l t  i n  a 

c r i t i c a l  load of 5000 l b / i n .  NASTRAN s t a b i l i t y  mode p lo ts  f o r  core thicknesses 
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less than and greater than .375" were found t o  be asymnetric (s imi lar  t o  f igure 

2, therefore, i t  was anticipated that  i f  l inedr, e las t i c  buckling occurred, 

the buckling mode should be asymnetric f o r  a core thickness equal t o  .375". 

The f i n a l  panel design deta i ls  f o r  the s t a b i l i t y  c r i t i c a l  shear web are 

shown i n  f igure 5. With the exception o f  laminate and core thicknesses, a l l  

deta i ls  o f  t h i s  web are ident ica l  t o  the strength c r i t i c a l  web shown i n  

f igure 3. 

Shear Web Test Frame 

The method selected f o r  t e s t  o f  the shear webs i s  shown i n  f igure 6 and 

i s  essent ia l ly  the same design as was used i n  reference 1. The t e s t  frame 

consists o f  a deep beam w i th  bui l t -up aluminum caps. One h a l f  o f  the beam 

web i s  a conservat vely designed, st i f fened aluminum plate as shown i n  

f igure 6. 

angles which are bolted t o  the beam caps. 

sandwich i ns ta l l ed  i n  the t e s t  frame, before i t  i s  i ns ta l l ed  i n  the t e s t  

machine. A consequence o f  t h i s  tes t  method i s  t ha t  the specimen i s  subjected 

t o  inplane bending stresses i n  addit ion t o  the desired shear stress. Based 

on preliminary design, the magnitude o f  these bending stresses i s  anticipated 

t o  be approximately 10-15% of the shear stress magnitude. 

The t e s t  web and st i f fened aluminum web are bolted t o  aluminum 

Figure 7 shows a graphite/epoxy 

Sandwich Fabrication and Quali ty Control 

The shear web facings were i nd i v idua l l y  molded, vacuum bagged and 

autoclave cured a t  350" F. 

C-scan t o  locate defective laminate areas. 

After cure, each facing was subjected t o  a 

The aluminum H/C core edge was 

f i l l e d  as shown i n  figures 3 and 5. The complete sandwich was assembled, 

bagged and both facings were simultaneously bonded t o  the core w i th  Wsol 
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EA-951 adhesive i n  an autoclave. Each side o f  the bonded panel was C-scanned 

i n  an e f fo r t  t o  i d e n t i f y  defective bond areas. 

Af ter  i n s t a l l a t i o n  i n  t h e i r  respective t e s t  frames, each shear web was 

surveyed t o  determine any pre-test out-of-plane deformations present. Both 

webs were found t o  deviate from the f l a t  conditions by approximately the same 

amount (.012" t o  .020") i n  the center region o f  the t e s t  section. The 

periphery of each t e s t  panel was essent ia l ly  f l a t .  

TEST PROCEDURE 

The shear web and t e s t  frame were i n s t a l l e d  i n  a 1.2 m i l l i o n  pound 

compression t e s t  machine, and restrained l a t e r a l l y  as shown i n  f igure 8. The 

t e s t  frame was supported a t  the bottom on each end and was loaded a t  the 

center o f  the top. The tension bar l a te ra l  res t ra in t  system d i d  not  a f fec t  

in-plane deformations o f  the web. The t o t a l  applied design load f o r  the 

strength c r i t i c a l  web was 550 kips and f o r  the s t a b i l i t y  c r i t i c a l  we was 360 

kips . 
The shear webs were instrumented wi th  s t r a i n  gages as shown i n  figure 9. 

Each side was instrumented t o  survey the shear f i e l d  as well as the beam 

bending strains. Back t o  back gages were used up t o  the l i m i t  (98 gages) of 

the Langley D ig i ta l  Data Recording System. The gages were pr imar i ly  oriented 

a t  

strains. 

45" t o  record shearing strains and hor izontal ly t o  record beam bending 

The tes t  frame caps were instrumented as shown i n  Figure 10. 

The moire f r inge technique o f  observing l a t e r a l  displacements was used 

t o  i den t i f y  the buckling mode shape. Photograqhs were taken throughout the 

tests o f  the changing fr inge pattern. 
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TEST RESULTS 

Strength C r i t i c a l  Shear Web 

The slrength c r i t i c a l  shear web was loaded t o  fa i l u re ,  which occurred 

a t  434 kips. 

Fai lure i s  suspected t o  have i n i t i a l l y  occurred a t  a po in t  approximately 13" 

from the center attachment angle and approximately 7" from the top attachment 

angle because both compression and tension cracks appear t o  have run from 

t h i s  region t o  the panel edges. Moire f r inge photographs d i d  not  show any 

discernible l a t e r a l  displacement a t  fa i lure.  Back t o  back s t r a i n  gages showed 

maximum deviations which were less than approximately - 5% from t h e i r  respec- 

t i v e  membrane values, i nd i ca t i ng  tha t  l a t e r a l  bending was not a s i g n i f i c a n t  

contr ibutor t o  f a i l u r e  o f  the web. Figure 12 shows the - 45" s t r a i n  response 

from rosettes which surround the central  region o f  the t e s t  web. Horizontal 

and/or ver t i ca l  s t ra ins f rom these rosettes were s u f f i c i e n t l y  small t h a t  the 

- 45" st ra ins were, i n  essence, pr inc ipa l  values. Thus, the shearing s t r a i n  

magnitude i s  the sum o f  the absolute values o f  p r i nc ipa l  s t r a i n  shown i n  

f igure 12. Selecting an average value o f  each s t r a i n  component a t  maximum 

load shows the average value of membrane shearing s t r a i n  over a large port ion 

o f  the web t o  be approximately equal t o  .0086 i n / i n  j u s t  p r i o r  t o  fa i lure.  

The f a i l e d  shear web i s  shown i n  f igures l l ( a )  and l l ( b ) .  

+ 

+ 

+ 

A force-st i f fness p l o t  f o r  the strength c r i t i c a l  shear web i s  shown i n  

f igure 13. This web was expected t o  deform i n  a l i n e a r  e l a s t i c  manner under 

a shear loading i n  which case the s t i f f ness  ( load / s t ra in  r a t i o :  i s  constant 

and p lo t s  as a horizontal l ine.  Therefore, the s t r a i n  parameter selected t o  
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monitor l i n e a r  e l a s t i c  shearing deformation was membrane shearing s t r a i n  of 

the faces. Lines of constant, l i m i t i n g  s t r a i n  are also shown i n  the f igure. 

Tests t o  determine the average and B value allowable s t ra ins f o r  a pure shear 

loading only are described i n  Appendix A. Fai lure i s  predicted when the 

horizontal l i n e  (experimental performance) crosses a l i m i t i n g  strength l ine .  

The amplitude o f  the actual load/strain r a t i o  i s  d i r e c t l y  proport ional t o  the 

inplane s t ructura l  shear s t i f f ness  o f  the web. Curve I shows the web behavior 

as assumed during prel iminary design. This curve indicates t h a t  f o r  the 

i n i t i a l l y  assumed s t i f f ness  behavior, the design load would be reached before 

strength f a i l u r e  occurred. However, curve 11 indicates t h a t  the web, i n  

general d i d  not  possess the s t ructura l  membrane shear s t i f f n e s s  assumed 

during prel iminary design. This curve indicates that, even wi th  the reduced 

average membrane shear s t i f f ness  shown, the web should have reached approxi- 

mately 488 kips before becoming strength c r i t i c a l .  Curve I11 shows the load 

shear s t r a i n  response determined from s t r a i n  gages 15 and 16. 

indicated the highest compressive s t r a i n  reading o f  any gage. 

the closest gage t o  the suspected f a i l u r e  po int  and was approximately al igned 

along a 45" l i n e  (pr inc ipa l  compressive s t r a i n  d i rec t i on )  wi th  the f a i l u r e  

St ra in  gage 15 

It also was 

point. Therefore, s t r a i n  gages 15 and 16 give ind icat ion tha t  higher s t ra ins 

were present i n  the area o f  i n i t i a l  fa i lure.  Preliminary f i n i t e  element 

analysis alsa indicztes an area of stress concentration near the suspected 

fa i l u re  point. However, calculated quant i ta t ive resul ts  do no t  ye t  agree w i th  

experimental results. Modeling and material property inaccuracies are 

current ly being investigated. The shear s t r a i n  behavior described by curve I11 

indicates tha t  the locat ion o f  SG-5 and 16 was s u f f i c i e n t l y  higher stressed 
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(strained) than the major port ion o f  the web ( indicated by curve 11) tha t  t h i s  

locat ion was near the f a i l u r e  load region bounded by the pure shear strength 

( s t r a i  n ) cu to f f  1 i nes , 

The decreased shear web st i f fness,  indicated by curve I1  (and 111), as 

compared t o  the s t i f fness indicated by curve I, i s  believed t o  be caused by 

a decreased ef fect ive web depth. 

which i s  the f u l l  web depth. However, a comparison o f  the shear s t i f f ness  

( G t )  o f  the laminate doubler and attachment angle wi th  the t e s t  section shear 

st i f fness,  showed the doubler area t o  have s t i f fness approximately an order 

of magnitude larger than the t e s t  section. Thus, the shear deformation of 

the web was apparently concentrated i n  the area wi th  the smallest st i f fness.  

Using the distance between the inside b o l t  rows (32.5 inches) as an e f fec t i ve  

web depth and the exper iwntal  l y  determined shear modulus, the theoret ical  

force s t i f fness response (see curve I V ,  f igure 13) was generated. Thus, from 

the agreement o f  curves I V  w i th  curve I 1  , i t  appears that  the decreased 

overs11 web membrane shear s t i f fness (curve 11) was, a t  least, p a r t i a l l y  due 

t o  a reduced ef fect ive web depth. 

the deviation of curve I11 from curve I1,may be at t r ibuted t o  local ized combined 

membrane load ef fects caused by the t e s t  method employed. 

I n  curve I, the web depth was taken as 36", 

Fai lure a t  a lower load, as characterized by 

+ 
I t i s  o f  in terest  t o  calculate the membrane shear modulus o f  the - 45" 

Gr/E material f rom the large web t e s t  f o r  comparison wi th  the material tests 

given i n  Appendix A. Figure 14 shows an in-plane shear stress-strain curve 

from material tests (Appendix A). 

generated using average values o f  membrane shear s t r a i n  and web heights o f  

36 and 32.5 inches. Using the f u l l  web height o f  36 inches resul ts i n  a 

The structural  shear web curves were 
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6 shear modulus o f  5.31 x 10 psi.  Using the e f f e c t i v e  height of 32.5 inches 

resul ts  i n  a shear modulus o f  5.88 x lobpsi, which agrees wel l  with the 
material t e s t  value. 

Load deflect ion curves are shown i n  f igure 15 f o r  the ve r t i ca l  displace- 

ment a t  the bottom o f  the beam center. The measured def lect ion was approxi- 

mately 30% ldrger than t h a t  predicted by an i n i t i a l  NASTRAN analysis, g iv ing 

addi t ional  ind icat ion o f  the web's reduced stiffness. 

measured cap s t ra ins a t  the center o f  the t e s t  frame. 

the caps were formed from three-l/2" th ick aluminum plates bol ted together. 

Strain gage 93 was attached t o  the edge o f  the middle p la te  i n  the top cap 

and s t r a i n  gage 83 was attached t o  the surface o f  the outside p la te  i n  the 

bottom cap. Both gages are shown i n  f igure 16 t o  e x h i b i t  nonl inear behavior 

and show a decreasing s t r a i n  ra te wi th  load. This indicates ineffect iveness 

o f  the outer plates i n  carry ing cap-loads, requi r ing the inner plates t o  be 

straincd higher t o  react the external forces. Also included i n  f igure 16, 

are the cap s t ra ins predicted by strength o f  materials and by an i n i t i a l  

NASTRAN analysis. 

caps react the external forces. The NASTRAN resul ts  ind icate t h a t  the caps 

only carry approximately 80% o f  the beam bending load predicted by strength 

o f  materials. Comparison o f  NASTRAN ar,d experimental resul ts  indicate :hat 

the frame caps had less extensional s t i f f ness  than o r i g i n a l l y  assumed 

p a r t i a l l y  due t o  ineffectiveness o f  the outer cap plates. 

Figure 16 shows the 

As shown i n  f igure 10, 

The strength o f  materials resui ts  assume tha t  only the 

Figure 17 shows the beam bending s t r a i n  response along ve r t i ca l  l i n e s  

a t  various stat ions along the t e s t  web. Stat ion A 1  (see f igure 9 f o r  s ta t ion 

locat ion) curves show the horizontal s t r a i n  response a t  the web attachment t o  
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the beam center-post. St ra in  gages 7 and 55 were a t  the top o f  the web and 

theore t ica l l y  should have indicated compress on instead o f  t e n s i m  as i s  shown. 

Thus, along the beam centerpost the web d i d  not  carry any beam bending. This 

effect i s  s t i l l  evident a t  s ta t ion  A2, which i s  a t  an i n t e r i o r  locat ion t a  

s ta t ion  A1 , where s t r a i n  gage 61 shows tension. St ra in  gages 17 and 61, a t  

low loads, o r i g i n a l l y  showed s l i g h t l y  higher tension values bu t  e i t he r  remainea 

constant (61) o r  went i n t o  compression (17) a t  higher loadings, i nd i ca t i ng  

t h a t  some i n te rna l  load red is t r ibu t ion  was occurring as the external load was 

increased. S t ra in  gage response a t  stat ions A3 and A4 ind icate t h a t  the beam 

neutral  axis was very near t o  the bottom cap area a t  these locations. The 

ineffect iveness o f  the outer cap plates and the in te rna l  load r e d i s t r i b u t i o n  

d i s t o r t  t e s t  web performance and make meaningful comparison w i th  analysis 

extremely tenuous. 

Stabi 1 i ty C r i t i c a l  Shear Web 

The s t a b i l i t y  c r i t i c a l  shear web was loaded t o  fa i lu re ,  which occurred 

a t  248 kips. The f a i l e d  shear web i s  shown i n  f igure  18(a) and (b). 

Considering f igure 18(b), i t  appears t h a t  fa i lu re  i n i t i a l l y  occurred i.1 the 

compressive stress d i rec t ion  i n  the upper l e f t  hand quadrant o f  the panel. 

Tension cracks are shown t o  run from a compressive f a i l u r e  s t r i p  towar! the 

panel edges. These tension cracks apparently were generated as a r e s u l t  o f  

the compressive fa i lu re .  A moire f r inge photograph i s  shown i n  f igure 19. 

This photograph was taken a t  240 kips and c lear ly  shows the formation o f  one 

large skewed buckle. The e f f e c t  o f  the i n i t i a l  panel curvature may be seen i n  

f igure  20. Divergence o f  back-to-back s t r a i n  gage responses, which were 

located across the center o f  the panel show t h a t  l a t e r a l  bending occurred 
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are only applicable 

directly apply t o  a 

core failure modes) 

this tes t .  The pre 

s t i f fnes s i n d i  ca tes 

360 k i p s .  Curve I1 

iminary design (curve I )  e s t  

a sizable strength margin a t  

indicates t h a t  even w i t h  the 

and linear behavior, the web should have rzached 

from the onset of loading w i t h  strain gage reversal occurring a t  approxi- 

mately 220 kps. 

bending deformations were not localized b u t  rather, involved the entire web. 

The overall, average membrane shear strain of the web a t  failure was also 

determined from the strain gage responses shown in figure 20. 

average membrane values o f  compressive and tensile strains,  the average membrane 

shear strain was found t o  be .006 i n / i n  a t  failure. 

The straiil gage responses shown in figure 20 indicate t h a t  the 

Using the 

A force-stiffness plot based on membrane shear strain is shown i n  figure 21 

for the s tabi l i ty  cri t ical  web. 

t o  material loaded in pure membrane shear, and do not  

t es t  which includes transverse bending (involving possible 

and/or combined membrane loads, a l l  of which occurred i n  

The strength allowable curves shown i n  figure 21 

mate of web membrane shear 

the design buckling load of 

reduced membrane s t i  f fness , 

360 k ips  prior t o  becoming 

The curve 111 results were computed from strain gages 11 strength cr i t ical .  

and  12 which were the highest reading gages on the web. 

t h a t  an area of increased strain occurred in the top quadrant of the web near 

the unloaded corner due primarily t o  transverse bending of the web. 

also the area where material failure i s  t h o u g h t  to have in i t ia l ly  occurred. 

From the magnitude of the recorded strains,  i t  appears t h a t  the web failed i n  

the compressive filamentary direction. 

trar:sverse bending (or buckling) and/or vmbined load on material strength is  

undetermined, the qualitative effect indicates a sizable reduction from the 

membrane strength a1 lowables, 

These results iridicate 

This i s  

While the quantitative effects of 
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The s t a b i l i t y  c r i t i c a l  shear web exiii b i  tec 1-iduced membrane shear 

s t i f fness  p r i o r  t o  fa i lu re ,  i n  the same manner as the strength c r i t i c a l  web. 

Previous comments acd observations about material shear modulus and e f fec t i ve  

web depth are also applicable here. 

Figure 22 shows a comparison o f  the theoret icz l  and experimental 

midpoint def lect ions o f  the t e s t  beain. 

mately 352 greater than was predicted by an i n i t i a l  NASTRAN model. 

d e v i a t i o i  i s  approximate!y the same as occurred w i th  the strength c r i t i c a l  

The measured de f lec t ion  was approxi- 

This 

web. 

Dur in i  t h i s  tpst, s t r a i n  gage 93 was i n s t a l l e d  on the edge o f  the outside 

p la te  o f  the top cap, and indicated t h a t  the outside cap plates were 

Figure 22 i s  a comparison o f  the measured and theoret ical  cap strains.  

i n e f f e c t i v e  i n  carry ing the compressive load. 

indicates c loser agreement w i t h  predicted performance than does s t r d i n  gage 93. 

However, t h i s  was appcrentlv the r e s u l t  o f  slippage o f  the outside cap p la te  

as indicated by a s h i f t  i n  th? s t r a i n  gage response. 

along the centerpost showed the .-.dne tens i le  behavior as the strength c r i t i c a l  

web ( f i gu re  17). 

f o r  both shear webs tested. 

Response f r o r  s t r a i n  gage 83 

Beam bending s t ra ins  

Therefore, i t  gIppeJrs t h a t  the frame behavior was s i m i l a r  

Weight-Strength Performance 

A sumary o f  the strength c r i t i c a l  and s t a b i l i t y  c r i t i c a l  t e s t  web 

performance i s  given i n  Table 4. 

approximately 79% (2028 l b / i n )  of  the prel iminary design goal (7638 l b / i n .  

The strength c r i t i c a l  web at ta ined 
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and developed facing shear stresses i n  excess o f  50,000 ps i  without exh ib i t i ng  

i n s t a b i l i t y  o r  any appreciable degree o f  nonlinear behavior. 

The s t a b i l i t y  c r i t i c a l  web at ta ined approximately 69% (3444 l b / i n )  o f  the 

prel iminary design goal (5000 l b / i n )  and developed facing shear stresses i n  

excess of 40,000 psi  p r i o r  t o  fa i lu re .  However, t h i s  web d i d  e x h i b i t  trans- 

verse bending behavior from the onset o f  loading due t o  i n i t i a l  panel curvature 

and a thinner sandwich core than the strength c r i t i c a l  web. 

The weight-strength character ist ics o f  various shear web constructions 

are shown i n  f igure 24, where t e s t  section weight per u n i t  area pc: u n i t  depth 

( W / A b )  i s  p lo t ted  versus the shear load per u n i t  depth (N /b). The shaded 

area o f  f igure 24 bounds the region over which aluminum data (sumnarized i n  

reference 4)  was generated by the NACA. The s o l i d  curves are theoret ical  

predict ions (reference 5) which show the l i m i t i n g  behavior f o r  various s t ruc-  

t u r a l  concepts. The e x p e r i x n t a l  s t a b i l i t y  c r i t i c a l  performance o f  the Ti-c lad 

B/E web (No. 3) o f  reference 1 i s  also shown i n  the f igure. The dashed l i n e  i s  

a tneoret ical  predict ion o f  strength c r i t i c a l  Gr/E sandwich behavior f o r  the web 

tested. The s t a b i l i t y  c r i t i c a l  web should be ccmpared t o  the curve segment 

indicated and not t o  the strength c r i t i c a l  curve. 

and s t a b i l i t y  c r i t i c a l  web experimental resul ts  were p lo t ted  using f u l l  web 

depth o f  36" instead o f  the "ef fect ive" depth o f  32.5". 

web (Nxy/b = 167 l b / i n / i n )  i s  shown t o  weigh approximately 1/3 as much as the 

most e f f i c i e n t  aluminum structure a t  t h a t  load index and approximately 46% as 

much as the T i  clad B/E web. 

curvatur-, the s t a b i l i t y  c r i t i c a l  shear web ( N  /b = 96 l b / i n / i n )  weighed 

approximately 1/2 as much as an aluminum structure which would carry the same 

load. 

XY 

Both the strength c r i t i c a l  

The strength c r i t i c a l  

Although great ly influenced by i n i t i a l  

XY 
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CONCLUDING REMARKS 

Resu; t s  of an experimental evaluation o f  two large, heavily-loaded 

graphite-epoxy shear webs have been presented. The shear webs were of 

sandwich construction w i th  one specimen designed t o  exh ib i t  mater ia l  strength 

f a i l u r e  tlf the facings a t  7638 l b / in .  The second web was designed t o  e x h i b i t  

qeneral i n s t a b i l i t y  f a i l u r e  a t  5000 lb / in .  

strength c r i t i c a l  web f a i l e d  a t  approximately 79% o f  i t s  ant ic ipated load due 

p a r t i a l l y  t o  decreased st ructura l  s t i f fness  (i .e. e f f e c t i v e  web depth and 

inef fect ive cap problem) and t o  combined-load e f fec ts  caused by the t e s t  

method employed. Experimental resul ts  also ind icate tha t  in te rna l  load re- 

d i s t r i b u t i o n  occurred which was caused pr imar i l y  by ineffect iveness o f  the 

frame cap plates i n  react ing the external load. 

Test resul ts  show tha t  the 

Test resul ts  f o r  the s t a b i l i t y  c r i t i c a l  shear web show t h a t  f a i l u r e  

occurred a t  69% o f  i t s  ant ic ipated buckl ing load. 

calculated prel iminary desi gn value and experimental resu l ts  were due 

pr imar i l y  t o  s e n s i t i v i t y  o f  t h i s  web ( th inner core) t o  i n i t i a l  out-of-plane 

d i  s, .cements induced during manufacturing. 

I n  sp i te  of the lower-than-anti cipated f a i  1 ures which occurred, the 

Differences between the 

graphite epoxy sandwich shear webs have outstanding weight strength charac- 

t e r i s t i c s .  

t o  be 50% t o  67% l i g h t e r  than the most e f f i c i e n t  aluminum structures known. 

The webs achieved shear stresses o f  40 t o  50 ksi,  and were found 
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G1 2 

v1 2 - 

Table 1 .- Preliminary Design Lamina E las t ic  Properties 

Tension Compress i on 

23.5 x 106psi 19.6 x 106psi 

2.39 x 106wi  

0.76 x 106psi 

0.318 0.318 

2.10 x 106psi 

0.76 x 106psi 

T 

Y 
%It 

Vult 
GxY 

EX$l 

Table 2. - Theoretical Laminate E las t ic  Properties 

+ - 45" Laminate 

Average B " 

65,560 psi 58,200 psi 

.01095 i n / i n  .00972 i n / i n  

5.99 x 106.psi 

2.8 x 10 ps i  6 

EX 

EY 

GKY 

KY V 

+ - 45" Laminate 

2.72 x 106psi 

2.72 x 10 ps i  

5.65 x 10 psi 

0.78 

6 

6 

Table 3. - Experimental Laminate ProQerties 
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Strength Crit ical  Web 

Stabil i ty Cri t ical  Web* 

Ultimate Load Experiment Total Web 
Theory Experiment Theory Weight 

7638 lb / in  6028 1 b/ i  n .79 34.1 l b  

5000 lb/in** 3444 lb / in  .69 24.75 l b  
i 

* Exhibited nonlinear behavior due t o  curvature 

* Linear-Elastic Calculation 
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Figure 1.- Theoretical shear buckling load for 36" x 47" webs wi th  
.066" Gr/E faces vs core thickness. 
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Figure 5.- Design d e t a i l s  for s t a b i l i t y  c r i t i c a l  shear web. 
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Figure 14.- Inplane shear stress-strain response of 2 45" Gr/E (T300/5208). 
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Figure 15.- Vertical displacements a t  centerline o f  strength critical web. 
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‘BASE0 ON TEST SECTION W E ! G H q  -___ 
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Figure 24.- Shear web weight-strength character ist ics.  
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APPENC:' -. 

Materi a i  - ~ s t s  

This append'x describes and sumnarizes the supplenentary materials 

tests which were performed t c  establ ish material strengt-. values for design 

purposes. 

from the fa i led  shear webs. Tests were 7erformed t o  invzst igate laminate 

strength for  (a) shear load, (b) b o l t  oearing and f ree k : e  stress concentra- 

t ions and (c)  compression and tensicn loading. 

A i s 0  included on test. result:, o i  s e m i w i i i i  C " ~ ; : E S  uhich 'rjei-2 taken 

Shear tests.- Shear tests  o f  45" Gr/E (T300/5208) laminate were 

performed using the b i a x i a l l y  loaded p ic tu re  frame shonn: i n  Figure A l .  The 

sandwich specimen deta i l s  are shown i n  f igure A2. 

were tested t o  fa i lure.  

f igure A 3 ,  along w i th  the f a i l u r e  stress and s t r a i n  o f  each specimen. 

ind iv idual  specimen exhibi ted l i n e a r  s t ress-s t ra in  behavior t o  u l t imate load 

which was characterized by fa i lu re  perpendicular t o  the pr inc ipa l  t e n s i l e  

stress component direct ion.  The average value o f  shear strength was 65,560 

ps i  and the average shear modlilus was 5.99 x 10 psi.  

"B" value of shear strength was 58,000 psi .  

Five sandwich specimens 

The resu l t ing  average stress-strain curve i s  shown IP 

Each 

6 The corresponding 

B o l t  bearing tests.- The laminate se!ected f o r  the bol ted attachment 

area of the shear webs was selected t o  be a (O/+ 45/90) configuration. 

Bearing tes ts  were performed t o  determine the strength o f  t h i s  laminate f o r  

design purposes. A 

t o t a l  o f  f i v e  (5) double-ended specimens were fabr icated resu l t ing  i n  ten (10) 

The specimer; conf isurat ion .used i s  shown ir,  f igure  A4. 
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tests. These resu l ts  are presented i n  Table A!. The average bearing 

strength was found t o  be 127,532 psi .  The "B" allowable strength was 

determined t o  be 116,700 psi .  

Open hole tens i l e  tests.- In  addi t ion t o  r e s i s t i n g  bolt-bearing i n  the 

doubler area o f  the web. 

UUL t s  c z r z l l  hem bending defwmations o f  the tes t  frame. 

This laminate undergces both tension o r  conpression 

The stresses 

due t o  these inplane deformations are magnified because of the b o l t  hole 

(stress concentration ef fect) .  To determine the open hole strengtE o f  the 

doubler laminate, ten (10) sandwich beam specimens, de ta i led  i n  f igure  A5, 

were tested w i t h  the laminate i n  tension. The resu l ts  of these t e s t s  are 

s u m r i z e d  i n  Table A2. 

The average open hole tens i le  strength was found t o  be 53,3?1 p s i ,  and 

A l i n e a r  i n te rac t i on  between bearing strength the "B" value was 51,000 ps i .  

and open hole strength was assumed f o r  desig. purposes t c j  size tne l ' oubls r  

area tnickness. 

Compression tes ts  o f  web sandwich laminate.- To determine tne (r 35")  

Gr!E sandwich web extensional modulus, small (2'' x 8") mini-sandhiih specimens 

were cu t  from undamaged areas of the f a i l e d  shear panels. 

were cut from each web * - t n  the long dimension both p a r a l l e l  and ?erw!ndicJiar 

t o  the core ribbon d i rec t ion  t o  determine i f  t h i s  parameter had an:; a'iparent 

effect on extensional modulus. 

A t j p i c a l  load-strain curve i s  shown i n  f igure  A6. SG-1 & 2 were back t o  

oaci. a x i a l  gages and SG 3 & 4 were back t o  back transverse gages. 

specinens were tested t o  approximately .020 i n / i n  ax ia l  s t r a i n  w i  tnout f a i :  ,rs. 

Tnere was no dis:ernible e f f e c t  o f  core d i rec t ion  on material behavior. 

Two specimens 

These specimens were tested i n  conjress: ;n. 

?ne 
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Figures A7 and A8 show typ ica l  variat ions o f  Poisson's r a t i o  and secant 

modulus w i th  ax ia l  strain.  Extrapolat ing the secant modulus t o  zero s t r a i n  

y ie lds the i n i t i a l  Young's modulus f o r  the (t 45e) material. 

This value i s  seen t o  be approximately 2.8 x 10 which compares wel l  6 

wi th  the modulus value given i n  Table 2. 

Table A1.- Bo l t  Bearing Strength Test Results f o r  ( O / t  45/90)s 

Laminate - Gr/E (T300/5208) 

Test 
Specimen 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Bearing 
Strength (psi ) 

122,684 
121,260 
129,206 
135,025 
124.880 
120,767 
133,224 
124,920 
124,921 
128,435 

u = 127,532 psi 
ug = 116,700 

a vg 

Table A2 - Open Hole Tensile Strength Test Results f o r  

(0/+45/90), Laminate - Gr/E (T300/5208) 

Open Hole Tensile I Sp::ikn I Strength (ps i )  

8 
9 

10 

56,146 
53,233 
53,472 
53,164 
53,456 
54,317 
51,873 
52,707 
54,620 
53,326 

I avg = 53,371 
I 'B = 51,000 1 
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Figure A4.- Double Ended Searing specimen design. 
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Figure A5.- Open h o l e  sandwich beam specimen design. 
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